Although measurements of nerve conduction velocity in man were first made nearly a hundred years ago, the procedure was not used clinically until 1948 when Hodes, Larrabee, and German reported reduced conduction velocity in regenerating motor nerves. Later, Hodes (1949) described slow conduction in surviving nerve fibres after poliomyelitis, and more recently it has been shown that conduction may also be slow in certain localized peripheral nerve lesions (Simpson, 1956) , in polyneuritis, and in peroneal muscular atrophy (Henriksen, 1956; Lambert, 1956 ; Gilliatt and Thomas, 1957; Gilliatt and Sears, 1958) .
The use of conduction velocity measurement as a diagnostic procedure in neurology requires a knowledge of the range of values encountered in healthy individuals. Normal values for maximum conduction velocity in human peripheral nerves have already been described by Norris, Shock, and Wagman (1953) and by Henriksen (1956) , but in order to obtain a control series for our own laboratory, we have estimated maximum conduction velocity in 180 normal nerves supplying the small muscles of the hands and feet. Our own results, which are in good agreement with those of previous writers, are contained in the first part of this paper.
In estimating conduction velocity, the motor nerve trunk is stimulated at two levels and the time interval between the stimulus and the onset of the muscle action potential recorded in both instances. This interval represents conduction time in the largest and most rapidly conducting motor nerve fibres stimulated, together with a further delay at the neuromuscular junction and in the muscle itself. Provided that both stimuli are supramaximal, the difference in latency of the two muscle responses is a valid estimate of conduction time in the most rapidly conducting fibres in the nerve trunk between the two points stimulated. However, conduction time in the smaller and more slowly conducting fibres of a motor nerve cannot be measured in this way as the time of onset of their muscle action potentials is obscured by the discharge of earlier units.
This point is of some clinical importance, as it is not uncommon for patients to show values for maximum conduction velocity that are slightly below the accepted normal range; in such a case the question arises as to whether this represents conduction in abnormal fibres or whether it could be due to conduction in slow normal fibres uncovered by the loss of the larger and more rapidly conducting ones.
In order to obtain some evidence on this question, we have attempted to compare the conduction times of different nerve fibres supplying a single muscle; the results of this investigation are presented in the second part of the paper.
Methods
All tests were performed in a warm room with the subject lying on a couch and covered with blankets. In a few subjects with cold hands or feet, the limbs to be tested were immersed in hot water for five or 10 minutes before the session, but no other method of controlling temperature was attempted.
In measurements of maximum conduction velocity on 77 subjects examined at the National Hospital, the stimulus was a brief condenser discharge with a time constant of 70 ,usec.; for 73 subjects seen at the Middlesex Hospital, a "stanco" double-channel electromyograph was used, the stimulus being a rectangular pulse of 100 ,usec. duration. In both instances the stimulus was delivered through an isolating transformer. For the stimulating cathodes, Walter type E.E.G.pad electrodes with a diameter of approximately 1 cm. were used. When stimulating the median or ulnar nerve, the distal stimulating cathode was placed over the nerve trunk at a point 2 to 3 cm. above the wrist crease; the proximal stimulus was applied 3 to 5 cm. above the elbow. The length of nerve between the two points stimulated was estimated by surface measurement and was usually between 25 and 30 cm. The anode was a plate electrode 2-5 x 5 cm. placed over the flexor surface of the forearm or over the deltoid insertion; these anode positions were chosen for convenience and did not affect nerve conduction time.
In the legs, the distal shock was applied to the anterior or posterior tibial nerve at the level of the ankle; the proximal shock was applied to the lateral popliteal nerve at the level of the head of the fibula or to the medial popliteal nerve immediately behind the knee joint. Surface measurement between the proximal and distal electrodes usually gave a conduction distance of 30 to 40 cm. In these experiments the anode plate was situated either over the tibia itself or over the medial surface of the thigh just above the knee.
Muscle action potentials from the small muscles of the hands and feet were recorded through co-axial needle electrodes as described by Simpson (1956) . In each case the position of the needle tip in the muscle was adjusted until the earliest response to a given stimulus was found and care was taken to ensure that the initial phase of the evoked potential was similar in appearance for both proximal and distal stimuli.
With the sweep of the cathode-ray tube locked to the stimulator, supramaximal shocks were applied once per second, the muscle response being amplified and displayed on a double-beam oscilloscope. The second beam was used to provide a time scale. Photographic superimposition of 10 successive responses was used by Simpson (1956) but in our own experience this was rarely necessary. Using brief shocks and a slow repetition rate, it was unusual for subjects to find the procedure unpleasant although stimulus intensity was supramaximal for motor fibres.
For each stimulating position, the time from the beginning of the stimulus artefact to the earliest deflection caused by the muscle response was measured and recorded in milliseconds. When the "stanco" electromyograph was used, the oscillograph sweep was triggered by the stimulus and measurement was made from the beginning of the trace. Conduction time for the segment of nerve between the two stimulating cathodes was then obtained by subtraction of the shorter from the longer figure and conduction velocity calculated in metres per second (m.p.s.) .
Results
Maximum Conduction Velocity. In the hand, observations were made on motor fibres to the abductor pollicis brevis, the abductor digiti minimi, and the first dorsal interosseous muscle. In the foot, the extensor digitorum brevis and abductor hallucis were examined. As in a previous study (Gilliatt and Sears, 1958) , these control observations were made not only on healthy subjects working in the laboratory but also on the unaffected nerves of patients presenting isolated peripheral nerve lesions. In all, 180 observations were made on 150 subjects, no difference being found between staff and patients. The results obtained are given in Table I and in Figs. 1 and 2.
The mean values for maximum conduction Table II , however, that the differences in nerve conduction velocity between foot and hand groups cannot be explained by differences in age of the subjects tested. In attempting to examine the range of conduction velocity in the motor nerves to the extrafusal fibres, the most direct approach would be to compare the dispersion of the muscle action potential, recorded by surface electrodes, when the nerve is stimulated at two levels. In Fig. 4 , for example, the duration of the muscle action potential of the extensor digitorum brevis is only slightly less when the motor nerve is stimulated at the ankle than when it is stimulated at the head of the fibula. This suggests that the range of conduction velocities in the motor fibres to this muscle is limited. However, this conclusion is open to objection, for Merton (1954) has shown that after electrical stimulation of a nerve trunk artificial synchronization of propagation in different muscle fibres occurs; this results in a reduction in the duration of the compound action potential.
In order to avoid this objection, it was suggested to us by Dr. Merton that if a motor nerve were stimulated proximally in the limb and the onset of the muscle response recorded in the usual way from a muscle in the hand or foot, the larger and faster motor fibres could be selectively blocked by a preceding submaximal shock to the nerve distally, thus making it possible to study the conduction time of slower fibres in isolation.
The technique is illustrated in Fig. 3 , and the result of an experiment on the extensor digitorum brevis is shown in Fig. 4 Three experiments on the extensor digitorum brevis were performed in two subjects; in a further six experiments on four subjects the motor fibres supplying the abductor digiti minimi were examined in the same way, with surface recording electrodes placed over this muscle and stimulating electrodes over the ulnar nerve trunk just above the wrist and elbow. Similar results were obtained in all subjects and the results of two representative experiments are shown in Table III and in Fig. 5 , in which the area of the muscle action potential (in response to S2), expressed as a percentage of its initial value, is plotted against the percentage increase in latency on increasing the strength of S1. The area was estimated, on camera lucida projections on to squared paper, by continuing the base line through the potential and measuring the area enclosed by deviations of the trace to either side of this. The curves for the foot and hand are closely similar, and it is of interest that the muscle action potential falls to about 10% of its If it is accepted that the area of the compound muscle action potential is proportional to the number of motor units activated, a further point of interest is the form of the curves shown in Fig. 5 . If nerve fibre size to these muscles were normally distributed, a reversed sigmoid curve might be expected, but curves of the form shown would be encountered if the distribution were markedly skewed. As an alternative explanation, it could be suggested that the larger fibres may contribute to a relatively greater extent to the area of the muscle action potential by possessing larger motor units. There is no decisive anatomical evidence on these points, although the latter possibility, at least, Carpendale (1956) and Henriksen (1956) , who compared motor nerve conduction times during percutaneous stimulation using cathodes of different sizes and in different positions over the nerve trunk. These authors concluded that small lateral movements of the stimulating electrode did not produce significant changes in the latency of the muscle response and that with cathode diameters of up to 2 cm. stimulation appeared to occur under the centre of the electrode. In addition, Carpendale compared the actual length of median and ulnar nerves found on dissection of the forearm with the results of surface measurements in four cadavers and concluded that the errors introduced in this way were of little importance.
A more serious difficulty is that due to differences in temperature. In our series, it is likely that temperature variation accounted for much of the observed variation between different individuals, and further experiments on this point are clearly required. In the present series, however, we have deliberately accepted variations due to uncontrolled temperature in order that the results might be directly applicable to patients seen in routine ele_trodiagnostic clinics where elaborate temperature control is impracticable.
The only published investigation of the effect of temperature on conduction velocity in man is that of Henriksen (1956) While our results show no significant difference in maximum conduction velocity of motor fibres to the abductor digiti minimi, the abductor pollicis brevis, and the first dorsal interosseous of the hand, the differences in velocity we have observed between the hand and foot and between fibres supplying the extensor digitorum brevis and the abductor hallucis call for comment. It is possible that the lower values obtained in the leg as compared with the arm may be accounted for in terms of a temperature effect, although this has not been tested. However, a temperature effect is unlikely to explain the disparity between the two muscles in the foot. The segments of the anterior and posterior tibial nerves over which the recordings were made are both deeply buried in muscle and a difference between the two nerves is thus improbable. In searching for an alternative explanation it will be recalled that the diameter of the anterior root fibres is greatest at the centre of the lumbar enlargement, diminishing progressively on either side of this but particularly caudally (Haggqvist, 1937; Gentele and Swensson, 1941) . Since the abductor hallucis receives its innervation from more caudal segments (SI, S2) than the extensor digitorum brevis (L4, L5, Sl), the fibres supplying it are thus likely to be of smaller diameter.
The scatter of conduction velocities to the abductor digiti minimi and the extensor digitorum brevis in a single subject indicates that the majority of fibres conduct at a rate within 15 to 200% of the maximum, although the lower limit of velocity may be as much as 35 to 40% below the maximum. In the rabbit, the distal muscles in the limbs are innervated by fibres of small diameter and with a restricted size range (Fernand and Young, 1951) , and it seems likely that this observation is generally applicable. If this is also the situation in man, it would account for the relatively restricted range of conduction velocity in the motor nerve fibres to these muscles.
It is of interest to relate these findings to those obtained in patients with lower motor neurone lesions. Conduction velocity in surviving fibres after anterior poliomyelitis or in motor neurone disease may be reduced (Hodes, 1949; Henriksen, 1956 ) but values more than 30% below norrmal have not been recorded. This degree of slowing could well be accounted for in terms of conduction in surviving slow normal fibres. On the other hand, some patients with polyneuritis and peroneal muscular atrophy may show extremely low values for nerve conduction velocity, at times below 10 metres per second. This clearly cannot be explained in terms of slow normal surviving fibres and must mean abnormal nerve function. Whether this depends upon structural or upon metabolic alterations, or upon both, has not yet been ascertained.
Summary
Conduction velocity in the fastest motor nerve fibres to the small muscles of the hand and foot was calculated for a series of normal nerves, measurements being made for fibres to the abductor pollicis brevis, the abductor digiti minimi, and the first dorsal interosseous muscle in the hand, and the extensor digitorum brevis and abductor hallucis in the foot. There was no significant difference between the hand musc'es, the mean value obtained being 56-1 ± 4-7 m.p.s. The values obtained for the foot were less, being 49-7 ± 7-1 m.p.s. for the extensor digitorum brevis and43 2 ± 49 m.p.s. forthe abductor hallucis, the difference between these two muscles being statistically significant.
A method is described for measuring conduction velocity for the slower motor fibres to a muscle, and observations on the abductor digiti minimi and the extensor digitorum brevis indicate that there are motor fibres supplying these muscles with a conduction velocity between 30% and 40% below the maximum. The significance of this finding is discussed.
